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Abstract: It is vital to understand the oxygen reduction
reaction (ORR) mechanism at the molecular level for the
rational design and synthesis of high activity fuel-cell catalysts.
Surface enhanced Raman spectroscopy (SERS) is a powerful
technique capable of detecting the bond vibrations of surface
species in the low wavenumber range, however, using it to
probe practical nanocatalysts remains extremely challenging.
Herein, shell-isolated nanoparticle-enhanced Raman spectros-
copy (SHINERS) was used to investigate ORR processes on
the surface of bimetallic Pt3Co nanocatalyst structures. Direct
spectroscopic evidence of *OOH suggests that ORR undergoes
an associative mechanism on Pt3Co in both acidic and basic
environments. Density functional theory (DFT) calculations
show that the weak *O adsorption arise from electronic effect
on the Pt3Co surface accounts for enhanced ORR activity. This
work shows SHINERS is a promising technique for the real-
time observation of catalytic processes.
The oxygen reduction reaction (ORR) is an extremely
important cathode reaction for fuel cells and metal-air
batteries which has drawn a lot of attention owing to its
high overpotential and sluggish kinetics that limit its practical
applications in clean energy technologies.[1] Pt-based nano-
catalysts show the best catalytic activity toward the ORR.
Thus, various sizes, shapes, morphologies and compositions of
Pt catalysts have been precisely synthesized and reported in
the literature.[1a,2] Meanwhile, in situ techniques have been
developed to comprehensively study the structure–activity
relationships of these nanocatalysts. For example, transmis-
sion electron microscopy (TEM) with liquid cells[3] and X-ray
diffraction (XRD)[4] can both be used to investigate structural
evolution during electrochemical processes, while X-ray
absorption spectroscopy (XAS)[5] can be applied to reveal
the chemical states, coordination and compositions of cata-
lysts under reaction conditions. However, how the unique
structural and electronic properties of Pt-based nanocatalysts
affect the ORR mechanisms and the adsorption of reactants
and intermediates remains an unknown “black box”.
Although theoretical simulations have reported two mecha-
nisms for ORR: that is, O2 dissociation and association, direct
spectral evidence for intermediates[6] at the molecular level
under reaction conditions—especially on the surface of
practical nanocatalysts—is rare, which limits the present
understanding of the ORR.
Infrared (IR) spectroscopy is one of the most widely used
techniques for in situ surface analysis, and can reveal active
sites, fine surface structures, and intermediates at molecular
level.[7] However, IR is susceptible to water and is difficult to
access the low wavenumber region, in which rich information
of hydroxy groups, oxygen species, and metal–molecule bonds
on surfaces are present. To overcome these limitations of IR,
surface-enhanced Raman spectroscopy (SERS)[8] can play
a role and has been applied to detect trace amounts of surface
species under various conditions including electrochemical
environment.[9] Unfortunately, the SERS effect, generated by
surface plasmon resonances, is restricted to few metals
(primarily Au, Ag and Cu) with rough surfaces or nano-
structures.[10] Thus, for in situ tracking of heterogeneous
catalytic processes on common catalysts, such as Pt, the
pioneering works have been tried with a strategy of Pt-
overlayer coated on SESR-active substrates.[9c,d] But for
widely used Pt-based nanoparticles, a great challenge
remains.
In 2010, our group invented the shell-isolated nano-
particle-enhanced Raman spectroscopy (SHINERS)[11] tech-
nique to make SERS effectively work on any substrate and
morphology. The shell-isolate nanoparticles (SHINs), con-
sisting of plasmon-activate Au cores coated with ultra-thin
silica shells, are applied to surfaces of interest in the form of
a “small dust” as signal amplifiers with maximum enhance-
ments up to 8 orders of magnitude. Since discovery, SHIN-
ERS has been successfully applied in numerous fields
including in situ tracking reaction processes in catalysis.[12]
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Herein we use electrochemical SHINERS (EC-SHIN-
ERS) to study the ORR on Pt3Co nanocatalysts and direct
spectroscopic evidence of active oxygen intermediates was
obtained. The pH effect on the ORR at Pt3Co nanocatalysts
was also investigated. Combining spectroscopic evidence with
density functional theory (DFT) calculations, the ORR
mechanism on this bimetallic nanocatalysts is proposed and
the reason for improved activity are explained.
Figure 1a shows the schematic diagram of in situ EC-
SHINERS for ORR studies on Pt3Co nanocatalyst assembled
on SHINs via electrostatic forces (Figure 1a, left; The Pt3Co
nanoparticles are uniformly distributed on the surface of
SHINs, like planetary-satellites)—a close up of a Pt3Co
nanoparticle satellite on the SHINs is shown in Fig-
ure 1a,right. The nanocatalysts and SHINs were synthesized
according to previous reports (described in detail in the
Supporting Information).[11, 13] The TEM image in Figure 1b
shows a typical spherical shape of Pt3Co nanoparticles with
a size distribution of 4.96: 0.58 nm. And the inset TEM
image displays the well assembled Pt3Co nanoparticle satel-
lites on the surface of an approximately 120 nm Au NP coated
with 2 nm thick SiO2 through electrostatic interactions
(experimental details in Supporting Information)[14] The
chemical composition of the nanocatalysts was determined
using inductively coupled plasma atomic optical emission
spectrometry (ICP-OES). The ultra-thin and inert silica
SHINs allow strong electromagnetic fields generated by the
Au core to enhance the Raman vibrational signals, while also
prevent electronic effects from the Au core to contaminate
reaction processes.
Before ORR test the unique Pt3Co nanocatalysts were
loaded onto commercial carbon (Vulcan, XC-72R) supports
with 20 wt% Pt (see Figure S1 in the Supporting Informa-
tion). The Pt3Co/C nanocatalysts on a GC electrode were
electrochemically activated to generate Pt-rich surfaces. And
the electrochemical active surface areas (ECSAs) were
calculated based on hydrogen desorption charge from
0.05 V to 0.35 V in CVs (Figure S2) to be 48.6 m2 g@1,
comparable to 54.2 m2 g@1 for commercial Pt/C. Figure 1c
shows the ORR polarization curves of Pt3Co/C and Pt/C were
recorded with a rotation rate of 1600 rpm and a scan rate of
10 mVs@1. The kinetic current, calculated using the Koutecky-
Levich equation[1a, 2] at 0.9 V normalized to the mass of loaded
Pt, was 0.72 Amg@1 (pH 1), 0.45 Amg@1 (pH 10) for Pt3Co/C,
and 0.14 Amg@1 for commercial Pt/C. While the
specific activity obtained by normalizing to the
ECSAs gives out 1.48 mAcm@2 (pH 1), 0.82 mAcm@2
(pH 10) for Pt3Co/C, and 0.27 mAcm
@2 for commer-
cial Pt/C (Figure 1c). All electrochemical tests were
carried out in 0.1m HClO4 (pH 1) or 0.1m NaClO4 +
0.1 mm NaOH (pH 10) solutions saturated with O2.
The impressive around 5-fold improvement in mass
activity and specific activity observed on Pt3Co
compared to monometallic Pt, coincides with the
superior performance of other reported Pt-based alloy
catalysts.[1a, 2,15] Usually, the activity enhancement is
ascribed to modification of the electronic properties of
surface Pt by ligand and geometric effects, which could
result in changing the bonding strength of adsorbed
oxygen species as revealed by DFT calculations.[1a,16]
To understand the improved performance and
mechanism of the ORR on the surface of Pt3Co
nanocatalysts, we used SHINs with Pt3Co nanocatalyst
satellite structures on a GC electrode. Prior to each
Raman experiment, the satellite structures were
electrochemically activated as the same as that
during ORR test. Then in situ EC-SHINERS was
performed in an O2-saturated solution from 1.1 V to
0.2 V versus the reversible hydrogen electrode (RHE)
with 0.1 V intervals (Figure 2a). The constant peak at
933 cm@1 is ascribed to the symmetric stretching mode
of ClO4
@ . At high oxidation potentials, a broad band at
558 cm@1 assigned to Pt@O stretching on the surfaces arising
from to the high oxygen coverage, similar to that on Pt
layers[12d] and Pt single crystals.[17] Nørskov et al. has also
proposed that such stable adsorbed oxygen at high potentials
prevented proton and electron transfer, resulting in the ORR
overpotential.[18] As the potential decreases, the intensity of
the Pt@O bands gradually decreases and disappears at 0.8 V.
Then, another two Raman bands at around 697 cm@1 and
860 cm@1 appear below 0.7 V. Furthermore, in the deuterium
isotopic substitution experiments, the peak at 697 cm@1
slightly shifts to 688 cm@1, indicating this species is associated
with atomic hydrogen. The peak at 860 cm@1 almost remains
the same (Figure 2b). Previously, the O@O stretching Raman
frequency of peroxo species has been observed at 860 cm@1 on
Pd, 840 cm@1 on Au, 876 cm@1 in Li2O2,
[14,19] and adsorbed
*OOH
on Pt(111) has detected at 732 cm@1.[11c] We performed
DFT calculations to simulate the Raman bands of these
oxygen species on Pt3Co with Pt-rich surfaces similar to that
Figure 1. a) Schematic diagram of EC-SHINERS study of ORR on Pt-based
nanocatalysts. The large spheres are the SHINs, and the small gray ones on
their surface are the Pt-based nanocatalysts. b) TEM image of Pt3Co nano-
particles and Pt3Co-on-SHINs satellite nanocomposites. c) The ORR polarization
curves and d) histograms of ORR activity summaries at 0.9 V of Pt3Co and
commercial Pt/C measured with 10 mVs@1 and 1600 rpm rotation in 0.1m
HClO4 (pH 1) or 0.1m NaClO4 + 0.1 mm NaOH ((pH 10)) saturated O2.
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under ORR condition (Table S1), found two peaks at 711 and
876 cm@1 assigned to the O@O stretching of adsorbed *OOH
and O2* (denoted as b-O2*) with bridge configurations on Pt
sites, respectively (Figure 2c), which well coincides with our
experimental results of 696 and 860 cm@1. Thus, EC-SHIN-
ERS provides direct spectral evidence of the *OOH species
during ORR processes, widely considered as an important
intermediate[6] that also observed on Pt (111)[11c] and Pt
nanoparticles.[7b] Figure 2d shows the normalized Raman
intensities of the Pt@O and *OOH bands, correlated with the
linear sweep voltammetry (LSV), is clearly dependent on
potential. As the potential shifts negative, surface oxides are
reduced to expose more Pt sites. Then the O2 diffusion limited
current is reached with *OOH appearing after 0.7 V. These
lower potentials for observing *OOH compare to the onset of
ORR reaction might arise from the low concertation of
intermediates generated at kinetic region. Herein, these
results demonstrate that the ORR processes on dealloyed
Pt3Co nanocatalysts have been successfully tracked using
in situ EC-SHINERS using a satellite nanocatalyst strategy.
The potential varied spectra provide rich molecular informa-
tion about reactants and intermediates during ORR process-
es.
To examine the effect of pH on ORR processes we further
used in situ EC-SHINERS to monitor the ORR on Pt3Co
nanocatalysts in 0.1m NaClO4 + 0.1 mm NaOH (pH 10)
saturated with O2. Figure 3a shows the spectra at 0.1 V
intervals from 1.0 to 0 V vs. RHE. As in acid solutions, at high
potentials, only the Pt@O band at around 557 cm@1 is visible.
At potentials lower than 0.7 V, a broad peak with a shoulder
arises and can be separated into two Raman bands. With
Gaussian peaks fitting: the first band at 698 cm@1, is almost
the same as the O@O stretching frequency of *OOH
measured in the acid, and the other band at 750 cm@1 shifted
to 657 cm@1 in deuterium isotopic substitution experiments
(Figure 3b). With the help of DFT calculation, the new band
at 750 cm@1 is ascribed to *OH adsorbed on Co in Figure 3c,
which is also observed at 756 cm@1 in 0.1m NaClO4 (pH 7) in
Figure S3. This reveals Co could co-exist with Pt on the
surfaces under alkaline conditions because of the higher
oxygen affinity of Co.[20] While the Co leaching in acids lead to
the absent of the OH signals. To confirm this, we used high-
sensitivity low-energy ion scattering (HS-LEIS) to probe the
Figure 2. In situ EC-SHINERS spectra of ORR on dealloyed Pt3Co nanocatalysts in 0.1m HClO4 with a) H2O and b) D2O solution saturated O2.
c) Calculated adsorption configurations of the intermediate species of ORR on the Pt3Co surfaces. The Pt gray, Co blue, O red and H white.
d) Normalized Raman intensities of the stretching mode of Pt@O (black square), and *OOH (red sphere) at different potentials. LSV of Pt3Co
nanocatalysts in 0.1 m HClO4 with scan rate is 1 mVs
@1.
Figure 3. In situ EC-SHINERS spectra of the ORR on dealloyed Pt3Co
nanocatalysts in O2 saturated 0.1m NaClO4 + 1 mm NaOH a) H2O
and b) D2O solutions. c) Model schematic of calculated adsorption
configurations of *OH on the Pt3Co surface. d) HS-LEIS analysis of
the surface of Pt3Co before (black) and after dealloying in a 0.1m
HClO4 solution saturated with Ar (red) and O2 (blue).
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elemental composition of the outer layer of the nanocatalysts
surface shown in Figure 3d. It is obvious that some Co atoms
segregate again on the surface after scanning from 0.05 V to
1.1 V vs. RHE in the O2-saturated solution. This phenomenon
of Co segregation has also been shown in O2 atmospheres
with in situ TEM.[21] Besides, the XPS spectra of O 1s, Co 2p3/2
and Pt 4f of Pt3Co in Figure S4 further show that the OH
prefer to adsorb on Co sites. Thus, the significant OH
adsorption and Co segregation could lead to the slightly
inferior performance of Pt3Co in the basic solution compared
to in the acid (Figure 1c).
According to the EC-SHINERS results discussed above,
we further carried out DFT calculations to explore ORR
processes on the surface of Pt3Co nanoparticles considering
the observed *OOH as one of the intermediates. Similar to
previously reported Pt-related nanocatalyst surfaces, Pt (111)
and Pt3Co (111) are taken for comparison (see Supporting
Information for details).[6b, 18,22] Figure 4 shows a plot of the
four elementary reaction steps 1) * + O2 + H
+ + e@ !
*OOH, 2) *OOH + H+ + e@ ! *O + H2O, 3) *O + H+ + e@
! *OH, and 4) *OH + H+ + e@ ! H2O, with calculated
Gibbs free energy profiles at U = 0. The plot suggests that
three steps for ORR on Pt nanoparticles, that is, OOH, OH,
and H2O formation having similar reaction energies, could
potentially limit the operating voltage, which is consistent
with the previous publication.[6] By alloying with Co, the
energy difference between *O and *OH increases by 0.11 eV,
which indicates weak adsorption of *O and higher voltage
provided on Pt3Co(111),
[6b] in line with the improved activity
of ORR observed on Pt3Co in experiments. We consider that
the strain effect plays the major role for the weakened *O
adsorption, as seen in the inset of Figure 4, the lattice constant
of Pt3Co is shrunk by approximately 2.3% comparing to pure
Pt.[23] Moreover, the XPS results indicate that the Pt4f binding
energy for activated Pt3Co is 0.4 eV lower compared to Pt
(Figure S5), revealing Co donates electrons to Pt.[12d,24] It
results in a lower d-band center[25] for Pt3Co, and thus the
lower adsorption energy of *O, which is consistent with the
simulation results. Evidently, direct experimental evidence of
these electronic effects will merit future investigations.
In conclusion, the SHINs-nanocatalysts satellite strategy
has been successfully used to study the ORR process on Pt3Co
nanocatalysts. The bridge adsorbed oxygen (b-O2*) and
*OOH reactant intermediates on Pt sites were both directly
detected in acidic and basic solutions while the adsorbed *OH
was detected on Co sites in a basic solution, confirmed by
deuterium isotopic substitution experiments and DFT calcu-
lations. The spectral evidence of Co@OH reveals that original
Pt-rich surfaces could evolve under working conditions.
Based on the DFT calculations and detected oxygen species,
the associative mechanism involving *OOH was proposed for
ORR on Pt3Co nanocatalysts. Weaker interactions between
Pt and adsorbed intermediates lead to the improved activity.
This work demonstrates that SHINERS is a powerful tool for
studying electrochemical processes and mechanisms at the
molecular level on practical nanocatalysts.
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